Neutrino mixing in nuclear rapid neutron-capture processes by Saez, M. M. et al.
ar
X
iv
:2
00
6.
08
04
3v
1 
 [n
uc
l-t
h]
  1
4 J
un
 20
20
June 16, 2020 2:15 WSPC/INSTRUCTION FILE manuscript
International Journal of Modern Physics E
c© World Scientific Publishing Company
Neutrino mixing in nuclear rapid neutron-capture processes
M. M. Saez
Facultad de Ciencias Astrono´micas y Geof´ısicas, University of La Plata. Paseo del Bosque S/N
1900, La Plata, Argentina.
msaez@fcaglp.unlp.edu.ar
O. Civitarese
Dept. of Physics, University of La Plata, c.c. 67
1900, La Plata, Argentina
osvaldo.civitarese@fisica.unlp.edu.ar
M. E. Mosquera
Dept. of Physics, University of La Plata, c.c. 67
Facultad de Ciencias Astrono´micas y Geof´ısicas, University of La Plata. Paseo del Bosque S/N
1900, La Plata, Argentina
mmosquera@fcaglp.unlp.edu.ar
Received Day Month Year
Revised Day Month Year
A possible mechanism for the formation of heavy-mass elements in supernovae is the
rapid neutron-capture-mechanism (r-process). It depends upon the electron-fraction Ye,
a quantity which is determined by beta-decay-rates. In this paper we focus on the calcu-
lation of electroweak decay-rates in presence of massive neutrinos. The resulting expres-
sions are then used to calculate nuclear reactions entering the rapid-neutron capture. We
fix the astrophysical parameters to the case of a core-collapse supernova. The neutrino
sector includes a mass scheme and mixing angles for active neutrinos, and also by includ-
ing the mixing between active and sterile neutrinos. The results of the calculations show
that the predicted abundances of heavy-mass nuclei are indeed affected by the neutrino
mixing.
Keywords: Heavy elements, mass-abundances, supernova, r-process, neutrino oscillations
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1. Introduction
Neutrinos are involved in the chain of reactions leading to the production of light-
nuclei, i.e; during the Big Bang Nucleosynthesis, as well as in the production of
heavier elements in explosive astrophysical environments 1,2,3. Neutrinos of dif-
ferent flavors interact with matter and any mechanism which modifies their com-
position can potentially affect the nuclear abundances. Since neutrinos oscillates
between mass-eigenstates the rates of reactions of cosmological and astrophysical
1
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interest depend on oscillation parameters 4,5,6,7.
Experiments with solar, atmospheric and reactor neutrinos have provided ev-
idence of the oscillation between neutrino flavors caused by non-zero neutrino
masses. The oscillations of neutrinos have been observed by different collaborations
such as LSND (Liquid Scintillator Neutrino Detector), SK (SuperKamiokande),
SNO (Sudbury Neutrino Observatory), among others 8,9,10,11,12,13,14,15,16.
The results published by LSND and MiniBoone (Mini Booster Neutrino Experi-
ment) collaborations have established limits for the existence of another extra type
of neutrino, called the sterile neutrino 17,18,19,20. The data suggest a mass-square
difference between the lightest mass eigenstate (m1) and the sterile neutrino (m4)
of the order of ∆m214 ≥ 1.5 eV2 and a mixing angle sin2 θ14 ∼ 0.14 21,22.
The consequences of the existence of sterile neutrinos in different astrophysical
scenarios have being examined in previous works by Boyarsky 23, Mohapatra 24,
and Raffelt 25, among other authors. In particular, in the context of supernovae
(SN), flavor neutrinos may convert into sterile ones in regions near the core of the
SN. It is believed that this can lead to a decrease of the electron-neutrino fluxes 26.
The effects of oscillations between active neutrinos and between active and sterile
ones in SN explosions and during the neutron-cooling phase of the proto-neutron-
star, and the impact of active-sterile oscillations in the development of a successful
r-process in the outflow of neutrinos, or neutrino wind, have been studied by several
authors 1,3,27,28,29,30,31,32,33.
The abundances of elements in regions near A = 130, and in the area of the
actinides, are consistent with the process of rapid neutron capture 34. There exist
several astrophysical systems that could produce these elements, such as: neutron
stars and neutron star fusions, mergers of black-holes and neutron stars and su-
pernova events by nuclear collapse 35. Ejecta from neutron star mergers become
of special interest after the recent detection of a neutron star merger, however, a
weak r-process can occur in a complementary way in core-collapse SN 38,37.
In this work, we focus our analysis on the r-process which produces unstable
nuclei that rapidly decay through a series of beta decays until they become stable.
As said before, this process is relevant in stellar nucleo-synthesis and SN events
39. For the r-process to take place, it is necessary to have a powerful current of
neutrons in a high temperature environment. Due to the high neutron-flux, the rate
of isotopic formation is greater than the rate of the subsequent beta decay, therefore
the elements created by this path ascend rapidly through the N/Z stability line.
This work is organized as follow. In Section 2 we present a brief description
of the formalism needed to compute the beta-decay rates in presence of massive
neutrinos. In Section 3 we describe the details of the calculation of the abundances
of heavy nuclei in a core-collapse supernova environment. Finally, the conclusions
are drawn in Section 4.
June 16, 2020 2:15 WSPC/INSTRUCTION FILE manuscript
Neutrino mixing in nuclear rapid neutron-capture processes 3
2. Neutrino oscillations and β-decay rates
We start by written the Hamiltonian density 40,41
Hβ = GF√
2
Vud
(
JµL
†µ + hc
)
, (1)
where GF is the Fermi coupling constant, Vud = cos(θCabibbo) = 0.9738 ± 0.0005
42. Jµ and Lµ are the hadronic and leptonic currents, respectively.
The transition amplitude is written
Aβ(n→ p+ e− + ν¯e) = < p e− ν¯e|
∫
d4xHβ |n > . (2)
In order to obtain the beta-decay-rate we need to computed |Aβ |2. Since the
electron-neutrino is a composite particle we write |νe >=
∑
j Uej |νj >, where Uij
is the 3× 3 mixing matrix between active-neutrino mass eigenstates and where we
have set Dirac’s and Majorana CP-violating phases at zero. Replacing it in Eq.(2)
leads to
Aβ
(
n→ p+ e− + ν¯e
)
=
∑
j
UejAj
(
n→ p+ e− + ν¯j
)
, (3)
as done in 43. Furthermore, and in order to perform the calculations, we have
expressed neutrino-mass eigenstates following Ref. 43 and considered a Gaussian
package with a radial spreading δ
< ν¯j |ψνj (x, t) = < 0|
√
1
2q0νj
∫
d3qνe
(2pi)3
e−(q¯νe−q¯νj )
2 δ2
2 e
−ıq¯νe ·r¯+ıq
0
νj
tVνj (qνj , sj) , (4)
where ψνj is the field operator of the j particle, q¯νe
(
q¯νj
)
is the spatial component
of the tetra-momentum of the electron-neutrino (j-mass-eigenstate)44, Vνj is the
anti-neutrino Dirac spinor and q0νj =
√
|q¯νe |2 +m2j is the j-neutrino energy, and
mj its mass.
In order to obtain the final expression for the decay-rate we write the currents in
Eq.(1) in terms of the particle and antiparticle fields, make all needed summations
on Lorentz and spin-indexes, and integrate on their momenta. The result is given
by the expression:
Γosc =
V 3
2T (2pi)9
|Aβ |2
=
2
(2pi)8mn
G2f |Vud|2
∑
j
|Uej |2
∫
d3qe
q0e
∫
d3qp
q0p
∫
d3qνj
q0νj
e−(q¯p+q¯e+q¯νj )
2δ2
δ0(q0p + q
0
e + q
0
νj −mn)×
[−(1− g2a)mpmn (qνj · qe)
+(1 + ga)
2
(
qp · qνj
)
(qn · qe)
+(1− ga)2 (qp · qe)
(
qn · qνj
)]
. (5)
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After solving the integrals and taking the limit δ → 0 we obtain
Γosc =
∑
j
|Uej |2G2f |Vud|2
(2pi)3mn
∫ (mn−mp)2
(me+mνj )
2
dx
√
1− 2µj
x
+
ξj
x2
√
(M − x)2 − 4m2pm2n
×
{
(1 + g2a)
[
1
6
(M − x)x
(
1− 2µj
x
+
ξj
x2
)
+
2
3
(
M
2
(M − x) − (M − x)
2
4
−m2pm2n
)(
1 +
µj
x
− 2 ξj
x2
)]
−(1− g2a)mnmp(x− µj)
}
. (6)
In the previous expression M = m2n + m
2
p, µj = m
2
e + m
2
νj , ξj = m
2
e − m2νj ,
x = M − 2q0pmn, and ga = 1.2695 ± 0.0058 is the axial-vector coupling constant
42. The oscillation parameters for active-neutrino mixing were taken from Refs.
30,44: sin2(2θ13) = 0.09 and ∆m
2
13 = 2 × 10−3 eV2. We assume a normal-mass-
hierarchy for the ordering of the masses mj of the neutrino-mass eigenstates
45.
The parameters for active-sterile neutrino oscillations θ14 and ∆m
2
14 are allowed to
vary and the mixing matrix is written as
U =

 c14 0 s140 1 0
−s14 0 c14



 c13 s13 0−s13 c13 0
0 0 1

 =

 c13c14 s13c14 s14−s13 c13 0
−c13s14 −s13s14 c14

 . (7)
where we have used the notation cij = cos θij and sij = sin θij .
Since we are interested in the effect of active-sterile neutrino oscillations upon
the abundances of heavy nuclei produced by the r-process, we have calculated the
differential decay rates of the nuclei involved in the process and included them in the
evolution equations needed to compute the nuclear abundances. The dimensionless
factor
f =
Γosc
Γno−osc
, (8)
where Γno−osc is the standard beta decay rate, measures the ratio between the
calculated decay rates, with and without including neutrino mixing.
3. Results
For the calculation of the heavy nuclear abundances we use the r-java 2.0 open-use
code, which performs calculations of rapid neutron capture processes in a core-
collapse SN environment 46,47,48. The reactions included in the formalism are
α-emission 49, α-capture, beta-decay 50,51, beta decay of delayed neutrons 51,
neutron-emission, neutron-capture 52, photo-dissociation 52 and fission. The fission
channel is included in two different ways: i)through a cut-off in which the elements
with A or Z that exceed the imposed limit are fragmented into two pieces, ii)in
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a more realistic treatment that includes spontaneous fission 53, neutron-induced
fission and beta-delayed fission 54. The weight of the fission barriers and the rates
of neutron-induced fission were extracted from 52,55. For the realistic treatment
of fission the code takes into account three channels of mass-fragmentation and
the evaporation of neutrons, which is explicitly handled for each fission event. The
probability that the fission event follows a particular channel is parametrized by
the relative strength and by the depth of the energy potential 56,57. These param-
eters were calculated by adjusting observations of the mass distribution of fission
fragments for nuclei between 232Th and 248Cm 58.
We have solved the full system of equations until neutron freeze-out occurs, that
is when the value of the abundance of neutrons relative to protons reaches unity,
and for the high-entropy wind scenario 47. To characterize the wind, we have chosen
the initial temperature T0 = 3 × 109K, the density profile ρ = ρ0(1+t/(2τ))2 where
ρ0 = 10
11 g/cm
3
is the initial density and τ = 0.1s 48,46,59,60. The initial electron
fraction considered is Ye = 0.3, the wind speed of expansion Vexp = 7500 km/s
and the initial wind radius R0 = 390 km
30,61. Figure 1 shows the results for the
calculated abundances, without including neutrino oscillations, and for different
parametrizations of the fission channel. The abundances for nuclei around A = 100
for the no-fission case are smaller than those obtained by allowing fission. The
results corresponding to the full fission case agree with the ones reported in Ref.
62, obtained by using SMOKER 54 and ALBA 63.
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sc
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no fission
cut−off
full fission
Fig. 1. Nuclear abundances without considering neutrino oscillations
(
Y N
no−osc
)
as function of
the mass number for the different treatments of fission. Solid line: no fission; dashed line: fission
channel with a cut-off factor at A = 206; dotted line: full (unrestricted) fission.
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In Figure 2 we show the results for nuclear abundances calculated without in-
cluding neutrino oscillations
(
Y Nno−osc
) 50,51, for two different values of the time
needed to reach stability after the r-process, tsta. An arbitrary large value of the
stability time, as the one used in the calculations, implies that the nuclei are allowed
to decay, but in spite of this we found nuclear species with masses up to A=238
(e.g: 232Th (N = 142 and Z = 90), 235U and 238U (N = 143 and N = 146, Z = 92),
etc.
 10-13
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 10-7
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 10-5
 
50 100 150 200 250
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n
o
-o
sc
A
50 100 150 200 250
A
Fig. 2. Nuclear abundances
(
Y N
no−osc
)
as a function of the mass number, considering only beta
decay and neutron capture, without including neutrino oscillations. Left column: tsta = 0 s; right
column: tsta = 4.354× 1017 s.
Neutrino oscillations are turned on by replacing in the code the conventional
expressions for the decay rate Γ of Eq.(5) by the decay rates in presence of neutrino
oscillations, Γosc of Eq.(6). Table 1 shows the changes affecting the beta decay rates
due to neutrino oscillations and mixing, as expressed by the factor f of Eq.(8). For
all cases shown in the table, we have used the values ∆m214 = 1 eV
2, and for the
active sector the parameters sin2(2θ13) = 0.09 and ∆m
2
13 = 2× 10−3eV2. It is seen
that the factor depends strongly on the value of the mixing angle Θ14 between active
and sterile neutrino species. Naturally, realistic values of the ratio f are limited by
the known estimates of beta decay transitions and their renormalization factors in
nuclei. What we are showing in this table is the dependence of f with the mixing
angle. The deviations from the values obtained with structureless neutrinos are of
the order of few percents, for larger values of Θ14.
We have used different oscillation parameters to describe the mixing between
active neutrinos and a sterile neutrino, and took two values of the stability time
tsta. The code was used with the initial distribution of mass-fractions corresponding
to an entropy of 2.36 (in units of 100 times the Boltzmann constant) 64, this value
is consistent with the late cooling-time of supernovae and with the generation of
the neutrino driven wind. The results of the calculations are presented next.
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Table 1. Calculated partial
decay rate, Eq. (6), and the
ratio f of Eq. (5), as a
function of the mixing an-
gle Θ14.
Θ14 Γosc ratio f
0 0.00105 1.00000
pi/100 0.00113 0.99901
pi/50 0.00112 0.99606
pi/20 0.00110 0.97553
3.1. Results including neutron-capture and beta-decay in the
calculation of nuclear abundances.
Figure 3 shows the rate between the abundances calculated with and without in-
cluding neutrino oscillations, for two different values of the stability time tsta. In
the caption to the figure we indicate the values of ∆m213, ∆m
2
14, sin
2 2θ13 and θ14.
The other parameters for neutrino-oscillations are taken from Ref.30,44. It is seen
from the results displayed in Figure 3 that, when active neutrino-oscillations are
included in the treatment, both the beta-decay rate and abundance of nuclei re-
main invariant with respect to the case without oscillations (top panel of Figure 3).
Instead, for the case in which the oscillation with a sterile neutrino is turned-on the
abundances increase for nuclear masses up to A=100 and decrease for masses larger
than A≈180 respect to the standard case (bottom panel). For larger values of the
mixing angle θ14 this effect becomes larger. The abundances that are most affected
are those corresponding to the nuclei in the region with values of A between 70 and
125, in particular 80Se, 114Cd, 115In 121Sb , 123Sb , 126Te, even for small mixing
angles θ14.
Since the time to stability was fixed to zero, meaning that the nuclei reach
stability once they are produced, a larger abundance of heavy elements with A>200
is found (left inset of Figure 3). The effect produced by active-sterile neutrino-
mixing is smaller for larger values of the time needed to reach stability after the
r-process, as one can observed from the curves shown in the right-hand inset of
Figure 3.
3.2. Results taken a complete set of reaction in the equations.
We study the problem considering all the reactions which determine the nuclear
abundances, that is α-decay 49, α-capture, beta-decay 50,51, beta-decay of delayed
neutrons 51, neutron-emission, neutron-capture 52, photo-dissociation 52 and fis-
sion.
In Figure 4 we show the ratio between the nuclear abundances with and without
including neutrino-mixing, and for tsta = 0. Again, the oscillations between active
flavors do not generate changes with respect to the standard case, that is without
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Fig. 3. Ratio between the nuclear abundances calculated with and without neutrino oscillations(
Y Nosc/Y
N
no−osc
)
as function of the mass number, considering only beta decay and neutron capture.
Left column: tsta = 0 s; right column: tsta = 4.354 × 1017 s. Top panel: active-active oscillations.
Bottom panel: active-sterile oscillations; dotted line: θ14 = pi/5; dashed line: θ14 = pi/10. For all
the cases with neutrino oscillations ∆m2
14
= 1 eV2, sin2 2θ13 = 0.09 and ∆m213 = 2× 10
−3 eV2.
neutrino oscillations. The inclusion of active-sterile neutrino mixing increases the
abundances for A>75 with respect to the standard case. This effect is different
than the one obtained in the previous section. A peak indicating an overproduction
around 80Se appears in all cases studied, the peak intensifies when the mixing angle
is larger. The parameters adopted for the mixing with the sterile neutrino sector
are given in the caption to the figure.
The results of the calculation of the abundances of heavy-mass nuclei, excluding
fission, are presented in Figure 5. Also in this case the inclusion of active-sterile
neutrino-mixing has an effect upon the predicted abundances.
4. Conclusions
In this work we have calculated beta-decay-rates in presence of neutrino oscilla-
tions and used them to calculate differential decay-rates entering in rapid neutron-
capture-processes leading to the production of heavy mass nuclei in core-collapse
SN.
We found that the mixing between active neutrino flavors does not affect the
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Fig. 4. Ratio between the abundances calculated with and without neutrino oscillations(
Y Nosc/Y
N
no−osc
)
, as function of the mass number, considering the realistic treatment of fission
and for tsta = 0 s. Top panel: active-active oscillations. Bottom panel: active-sterile oscillations;
dotted line: θ14 = pi/5; dashed line: θ14 = pi/10. For all the cases with neutrino oscillations
∆m2
14
= 1 eV2, sin2(2θ13) = 0.09 and ∆m213 = 2× 10
−3 eV2.
decay rate or the abundances produced by the rapid process. In contrast, we have
found that the beta-decay rate decreases when the neutrino-mixing with a sterile
specie is taken into account. The impact on the calculated neutron-decay-rate de-
pends strongly on the mixing angle θ14, and weakly on the mass-square difference
∆m214. Accordingly, we have renormalized the decay rates of heavy nuclei and used
them to calculate nuclear abundances in the context of the r-process.
For the case in which only the main reactions are considered the change in
beta decay rates, due to active-sterile neutrino mixing, generates changes in the
abundances. In particular, for A < 150, the nuclear abundances increase while for
A> 150 they decrease, both cases with respect to the results obtained in standard
calculations which omit neutrino mixing. The changes in the predicted nuclear
abundances are larger for larger values of the mixing angle θ14.
The abundances of the elements 80Se, 114Cd, 115In 121Sb , 123Sb and 126Te,
are the most sensitive against the inclusion of active-sterile mixing, even for small
mixing angles θ14.
Also, we have studied the behavior of abundances for different values of the
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Fig. 5. Ratio between the abundances calculated with and without neutrino oscillations(
Y Nosc/Y
N
no−osc
)
as function of the mass number. Left panel: using a cut-off, for fission, at the
mass A = 206; right panel: no-fission case. Top panel: active-active oscillations. Bottom panel:
active-sterile oscillations; dotted line: θ14 = pi/5; dashed line: θ14 = pi/10. For all the cases with
neutrino oscillations ∆m2
14
= 1 eV2, sin2(2θ13) = 0.09 and ∆m213 = 2 × 10
−3 eV2. In all cases
tsta = 0 s.
time needed to reach stability. If we do not allow the nuclei to decay, that is by
taking tsta = 0 s, the code predicts a large abundance of heavy-mass nuclei with
A> 200. Letting the nuclei decay towards stability, that is for a finite value of tsta,
the abundance of nuclei with A>200 concentrates around A = 232− 238.
Finally, we have performed the analysis including all the reactions in the equa-
tions solved by the code. It is found that the predicted abundances change when
the active-sterile neutrino-mixing is included in the calculations.
We may conclude by saying that the inclusion of massive active and sterile
neutrinos and their mixing seems to be relevant to estimate the viability of the
r-process and thus to predict the final abundances of nuclear masses.
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